The ring-opening polymerization of octamethylcyclotetrasiloxane (OTS) was carried out in an Winsor I system with dodecylbenzene sulfonic acid, sodium salt (DBSNa) as emulsifier and sulfuric acid as initiator, to clarify the mechanism of the polymerization, especially focusing on the nucleation loci, the rate of generation of nonvolatile molecules and the average diameter of generated polymer droplets. In the system where DBSNa concentration is higher than the critical micellar concentration (CMC), nonvolatile molecules were generated in the aqueous phase and their generation rate became higher with an increase in DBSNa concentration, while nonvolatile molecules were not generated at emulsifier concentrations lower than the CMC. These experimental results support that nucleation did not take place in the true aqueous phase, but originated from the micelles.
Introduction
Poly(dimethylsiloxane) has superior characteristics, such as water-repellence, oiliness-resistance, and are used as mold release agent and antifoaming agent and so on. One production method of poly(dimethylsiloxane) is ring-opening step polymerization of octamethylcyclotetrasiloxane (OTS) in an emulsion system with dodecylbenzene sulfonic acid (DBSA) as emulsifier and initiator [1, 2] . During the polymerization, polymer droplets, which are by far smaller than the pre-existing OTS droplets, are generated. Saam et al. [3] studied the kinetics of the polymerization of poly(dimethylsiloxane) oligomers with silanol ends in an emulsion system preemulsified with DBSA, and the obtained apparent rate constant of polymerization is proportional to the area of total droplet surface and they insisted that polymerization reaction occurs mainly at the surface of polymer droplets.
Nevertheless, the nucleation loci of polymer droplets has not been fully clarified yet, because many researchers studied the ring-opening polymerization of OTS in preemulsified emulsions [3] [4] [5] . Yanagase et al. [6] measured the size distribution of obtained polymer droplets in the systems with different weight ratio of OTS to DBSA. They found that only smaller droplets were observed with low OTS/DBSA weight ratio, while additional larger droplets were detected in the case of high OTS/DBSA weight ratio. From these results, they concluded that micellar nucleation is dominant with low OTS/DBSA ratio and that nucleation from emulsion droplets (the so-called droplet nucleation) is important with high OTS/DBSA ratio. Palaprat et al. [7] also observed the decrease in the average diameter of droplets during the polymerization of 2,4,6,8-tetramethylcyclotetrasiloxane in miniemulsion system and suggested micellar nucleation. But, the critical micellar concentration (CMC) is uncertain and the existence of the so-called homogeneous nucleation, i.e, the nucleation originated from polymerization in the true aqueous phase is not excluded. Quantitative discussion based on the measured data of the CMC is necessary to clarify the nucleation mechanism. So, in this paper, the CMC is first determined experimentally and the nucleation in the range above and below the CMC is studied in the absence of emulsion droplets in the system where OTS-rich bulk phase is contacted with the DBSA aqueous solution. The system is called Winsor I (microemulsion) system, when DBSA concentration is above CMC, that is, when the micelles exist.
Results and discussion

Measurement of critical micellar concentration
The surface tension of DBSNa aqueous solution at 75 o C is plotted against the concentration of DBSNa in Figure 1 
Experimental results on particle nucleation and growth
To discriminate between the micellar and monomer droplet nucleations by avoiding the presence of monomer droplets, the polymerization was carried out without emulsification of charged OTS and DBSNa aqueous solution prior to the polymerization and at relatively low agitation rate of 80 rpm. In this stirring condition, the bulk OTS phase resided as the upper layer in the reaction mixture and no emulsion droplets were observed. After sulfuric acid was added, the lower phase gradually became bluish and turbid only with DBSNa concentration higher than 2g/Lwater. During the polymerization, the upper OTS layer and the lower aqueous phase was withdrawn from the reactor and neutralized with sodium hydroxide and dried. The amount of non-volatile siloxane molecules in the upper layer was negligible even at 5 days after the addition of sulfuric acid. The weight fraction of non-volatile siloxane molecules in the lower phase is plotted against the reaction time for various DBSNa concentrations in Figure 2 . As is clear from Figure 2 , in the range of the DBSNa concentration lower than 0.6g/L-water, which is close to the CMC of DBSNa (ca. 0.5g/L), negligible non-volatile siloxane molecules were detected even after 6000 minutes (4 days) elapsed since addition of sulfuric acid, while at DBSNa concentrations higher than 2.0g/L-water, non-volatile siloxane molecules were clearly generated by 2 days. These experimental results suggest that nucleation does not occur according to the so-called homogeneous nucleation mechanism, but originates from DBSNa micelles. In other words, the micellar nucleation is dominant. The average diameter measured with DLS is plotted against reaction time for various DBSNa concentration in Figure 3 . The average diameter increases with reaction time and is found to be independent of DBSNa concentration. The number of polymer droplets generated is calculated by assuming that the volume-average diameter is close to the average diameter measured by DLS and by using the value of polymer specific gravity; 0.92 [8] .
The calculated number of polymer droplets is plotted against the reaction time in Figure 4 . The number of polymer droplets did not change so much after 2 days (2880 min.) since the start of polymerization, considering experimental errors and the error due to approximation in calculation. This suggests that the nucleation occurred mainly within 2 days since the start of polymerization and did not occur so much after 2 days. The number of polymer droplets is higher with higher concentration of DBSNa. The average number of polymer droplets observed after 2 days since the start of polymerization is plotted against the concentration of DBSNa in Figure 5 . Figure 1 . These experimental results suggest that (1) polymer droplets are generated from the DBSNa micelles and that (2) generation of polymer droplets from the true aqueous phase (the so-called homogeneous nucleation) is negligible, and that (3) the growth rate of polymer droplet is independent of the number of generated polymer droplets.
Discussion on particle nucleation and growth
The linear increase in the average number of polymer droplets with DBSNa concentration from the value of DBSNa concentration close to the CMC in Fig. 5 indicates that the number of polymer droplets generated is almost proportional to the initial number of the micelles. The initial number of the micelles in each experiment might be higher than the average number of polymer droplets shown in Fig. 5 . The generated initial polymer droplets become unstable as the polymer droplets grow, and accordingly, they may coagulate with coexisting micelles or adsorb DBSNa (or DBSA) molecules originated from other micelles to attain stability. The experimental results suggest that the number of original micelles necessary to stabilize a polymer droplet is almost constant irrespective of the concentration of DBSNa.
To consider the growth of the polymer droplets in detail, the reaction scheme should be understood. Weynberg et al. [1] proposed the following reaction scheme.
The species on the right hand side of eq. (1) 
The species on the right hand side of eq. (3) is a linear molecule with a silanol end and a dodecyl group (molecule C), if the left hand side of eq. (3) is an OTS molecule and a DBSA molecule. Barrere et al. [11] proposed similar reaction between OTS molecule and benzyldimethyldodecylammonium hydroxide and insisted that the reaction simillar to eq. (3) occurs predominantly at the interface between the aqueous phase and the hydrophobic phase containing OTS molecules in high concentration and that reaction (3) at the interface is the rate-determining step in certain conditions. The reverse reaction of eq. (1)(2)(3) is polymerization, if the right hand side consists of two molecules.
The water solubilities of molecules A, B and C, which has a silanol end and/or a sulfate group, would be higher than that of an OTS molecule.
The other pathway for cationic ring-opening polymerization for cyclic dimethylsiloxanes is proposed [12, 13] .
where Y is an active propagation centre and (-Si(Me) 2 -O-) n is a cyclic dimethylsiloxane molecule.
Saam et al. [3] proposed the following 3 consecutive steps, considering their obtained experimental results. 
where species denoted by subscript s indicates that they are at the oil-water interface.
According to the polymerization mechanisms proposed above, the growth of the generated polymer droplets require the following 3 successive steps: 1) A species which can react to produce polymer (directly or indirectly) and which can be transported from the bulk OTS layer to the polymer droplets through the true aqueous phase is generated in the bulk OTS layer or at the interface between the bulk OTS layer and the aqueous phase. 2) Transport of the species from the bulk OTS layer to the polymer droplets through the true aqueous phase. 3) Reaction of the species to polymerize in the polymer droplets.
In a steady state, the rates of step 1), 2) and 3) in the whole system are all same and are proportional to the rate of increase in the weight fraction of non-volatile siloxane molecules in the lower phase. The rate of increase in the weight fraction is higher at higher DBSNa concentration, as is clear from Fig. 2 , which suggests that rate of step 2), which is flux of the species to the polymer droplets, is higher at higher DBSNa concentration. This must be related to the chemical structure of the species to be transported and to the reaction 1) and 3).
We found that the generation of non-volatile siloxane molecules is negligible at a concentration of DBSNa lower than critical micellar concentration of DBSNa. This finding suggests that the generation of non-volatile molecules via reaction of the products through the reactions (1) to (4) is negligible without DBSNa micelles. This indicates that the product of reactions (1) to (3), molecules A, B or C, is complexed with DBSA via some reactions similar to the reaction (6) and forms hydrophilic complex with high water solubility, which diffuses from the interface between bulk OTS layer and the aqueous phase to the generated polymer droplets through the true aqueous phase.
The growth rate of each polymer droplet was almost independent of charged concentration of DBSNa, which may indicate that the rate controlling step is not the transport of hydrophilic molecules from bulk OTS layer to the aqueous phase, but some reaction described above, e.g. reaction (6), or similar reaction.
Conclusions
The experimental results obtained in this study suggest that (1) polymer droplets are generated from the DBSNa micelles and that (2) generation of polymer droplets from the true aqueous phase (the so-called homogeneous nucleation) is negligible, and that (3) the growth rate of polymer droplet is independent of the number of generated polymer droplets. It is difficult to give the quantitative explanation for (3) at the present stage, although discussion was given to explain these obtained results taking into consideration the proposed reaction mechanisms. More experimental study to clarify the kinetics of this polymerization is desired.
Experimental part
Reagents
Octamethylcyclotetrasiloxane (OTS) was supplied by Asahikagaku Kogyo Co., ltd. Dodecylbenzene sulfonic acid, sodium salt (DBSNa, hardtype, Guaranteed Reagent) was purchased from Tokyo Chemical Industry Co., ltd. and used without further purification. Sulfuric acid (for detail analysis) was purchased from Wako Chemical Co., ltd. and used without further purification. Deionized and distilled water (DDI water) was used in all experiments. Sodium hydroxide (purity>93%) and Bromo Thimole Blue (BTB, Guaranteed Reagent) was purchased from Wako Chemical Co., ltd. Methanol (>99.5%) was purchased from Kanto Chemical Co. Inc.
Measurement of critical micellar concentration of DBSNa
A certain amount of DBSNa was dissolved in 0.021mol/L sulfuric acid. The obtained solution was heated to 75 o C and the surface tension was measured with Du Nouy surface tensiometer by using DDI water as a standard.
Polymerization
A certain amount of DBSNa was dissolved in 270g of DDI water. The DBSNa solution and 44g of OTS was mixed and charged in the reactor, the dimension of which is described in Figure 6 . The reactor was a round-bottomed and jacketed glass vessel with a glass-lined thermometer. The reactor was equipped with 4 buffle plates and 2-bladed paddle type impeller both of which were made of poly(tetrafluoroethene) (PTFE). Two sampling cocks were equipped. One was located at the bottom of the reactor and the other located at the top of the reactor, connected to PTFE tube the end of which was immersed in the reaction mixture. A reflux condenser and an injector for sulfuric acid as the initiator were also attached at the top of the reactor. A certain amount of reaction mixture was withdrawn from the sampling cock located either at the bottom of the reactor or at the top of the reactor at certain times after the sulfuric acid was charged into the reactor. In this study, the weight ratio of the produced non-volatile siloxane molecules produced to the OTS molecules initially charged was considered as monomer conversion X. The amount of non-volatile siloxane molecules was measured as follows: A withdrawn sample was neutralized by adding methanol solution containing 0.06 wt% sodium hydroxide or aqueous solution containing 0.3 wt% sodium hydroxide with BTB (as the indicator for the endpoint of the titration) to stop polymerization. The sample was dried at room temperature in the air for more than 12 hours and kept at 65 o C in an oven for more than 12 hours to remove volatile species and solvents. The dried sample was weighed and the total amount of DBSNa and expected sodium sulfate is subtracted to calculate the amount of non volatile siloxane molecules. On the other hand, the withdrawn sample, after dilution with a large amount of water, was subjected to the measurement of the average diameter D of polysiloxane droplets with dynamic light scattering (Ootsuka Co., ltd. DLS-7000).
